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Recuperator Analysis for the LBE Material Test Loop

Introduction
The recuperator is a shell-and-tube model that is used to transfer heat between two
flowing lead-bismuth eutectic (LBE) streams. Heat is transferred from the hot-side LBE
prior to entering the heat exchanger, which reduces the heat removal load on the heat
exchanger. Heat is transferred to the cold-side LBE prior to entering the heat input
section, which reduces the load required in the heat input section. The recuperator design
was supplied by the Russians. It was modified slightly by project engineers and designers
and then fabricated in the U.S.

This document summarizes the calculations that were performed to determine the
recuperator heat transfer capabilities and leakage flow through its ring seal.

Recuperator Overview
A sectional view of the recuperator is shown if Fig. 1. The recuperator is essentially a
shell and tube heat exchanger. The shell is constructed of 4  schedule 80 pipe
(dimensions were obtained from the ESA-DE Recuperator Assembly drawings:
#142Y600923). Within the shell are 19 tubes, each of which have a diameter of 9/16  and
a wall thickness of 0.035 . The tube bundle is fixed at one end of the shell, however to
allow for differences in thermal expansion rates, the opposite end of the tube bundle is
allowed to float.  The seal on this floating end is composed of 10 sliding rings, similar
to piston rings in an internal combustion engine.

Fig. 1. Sectional View of Recuperator.

The recuperator is configured in a counter-flow arrangement as shown in Fig. 1. The cold
LBE flows on the shell side and the hot LBE flows on the tube side.
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Heat Transfer Analysis
An analysis was performed to determine the heat transfer capability of the recuperator.
Details of the analysis are shown in Appendix A. The operating condition examined was:

Mass flow rate (both hot and cold sides): 5.25 kg/s
Hot side inlet temperature (tube side): 500¡C
Cold side inlet temperature (shell side): 400¡C

For the tube side heat transfer, fully developed turbulent flow was assumed with a
uniform wall heat flux. The Nusselt number correlation provided by Reed [1] was used.
For the shell side heat transfer, fully developed turbulent flow through a tube bundle was
assumed. Several correlations were investigated, however the Nusselt number correlation
suggested by Rehme [1] appeared to have the best support and, therefore, was used.

The table below shows the results of the thermal resistances calculated relative to the
convection resistance inside the tubes:

Convection from LBE to tube wall 1.00
Conduction through 0.89-mm-thick tube wall 0.34
Convection from tube wall to LBE in shell 0.89

The controlling thermal resistance is the convection on the inside of the tubes. The result
of this analysis shows a heat transfer rate from hot to cold LBE of 62.3 kW. The
corresponding temperature drop on the hot side (and the corresponding temperature rise
on the cold side) was 81¡C.

Heat Transfer Analysis of Alternate Flow Conditions
To provide an assessment of how the recuperator will perform at other operating
conditions, a range of alternate flow conditions was examined. Three different volume
flow rates and four different LBE inlet temperature conditions were combined resulting
in 12 different off-design cases. The four inlet temperature conditions examined were
specified as a temperature difference between the hot inlet and cold inlet. These
temperature differences are 50¡C, 100¡C, 150¡C, and 200¡C. The volume flow rates
examined are shown below along with their corresponding sources:

3.00x10-4 m3/s 0.56 m/s in 1  schedule 40 pipe
8.36x10-4 m3/s 1.5 m/s in 1  schedule 40 pipe
4.33x10-3 m3/s 2.0 m/s in 2  schedule 40 pipe

To simplify the analysis, LBE properties were evaluated at the same conditions as those
for the original analysis shown in Appendix A. A summary of the alternate flow
condition analysis are also shown in Appendix A.
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The results of the alternate flow condition analysis are shown in Fig. 2. Figure 2 shows a
plot of hot-side (or cold-side) ∆T versus LBE mass flow rate, for varying inlet
temperature differences. This plot shows that the recuperator performance is a strong
function of the temperature difference between the two flowing LBE streams.

Recuperator Performance
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Fig. 2. Results of Alternate Flow Conditions.

Leakage Flow Through Ring Seal
An analysis was performed to determine the leakage through the ring seal which
separates the shell side from the tube side of the recuperator. The details of this analysis
are shown in Appendix B. As mentioned previously, this seal is constructed from 10
sliding rings. Based on a loop pressure drop analysis performed by Valentina
Tcharnotskaia, the pressure difference across the rings for a typical operating flow rate of
10 kg/s is approximately 414 kPa. This is the driving potential for the LBE leakage
between the hot and cold sides.

The losses for the analysis were estimated using the correlations from Idelchik [2]. The
rings were assumed to float in the center of the ring grooves allowing flow to pass freely
around them. To simplify the analysis, the flow paths were modeled as flow between flat
plates instead of flow between concentric cylinders. Microsoft Excel was used to solve
for the leakage flow rate through 10 rings that corresponded to the 414 kPa driving
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potential. The resulting leakage rate was 0.069 kg/s or 0.69%. This leakage flow rate is
negligible.

Internal Pressure
A room temperature, hydrostatic pressure test was performed on the recuperator to a
pressure of 250 psig.
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